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Abstract
Dairy cattle are susceptible to heat stress with reported milk production loss exceeding 1.2 billion dollars in
2010. Heat stress occurs when the local thermal environment prevents adequate dissipation of metabolic heat
production over extended periods. Implementing mitigation strategies in order to reduce heat stress has been
a crucial need as dairy housing has transitioned from pasture to indoor housing systems. In order to maximize
production, producers need the most effective cooling system to reduce heat stress. A heat stress mitigation
model was developed using TMY3 data sets as inputs. The objectives of this research were to: (i) analyze the
thermal environment’s ability to reduce heat stress in dairy cattle in selected regions using TMY3 data, (ii)
model Holstein cattle subjected to various environmental modification systems (elevated airspeed,
evaporative pad cooling, direct sprinkling) by region, (iii) create a universal barn/cooling system model to
apply to selected regions with given TMY3 data inputs, and (iv) develop contour maps with optimal cooling
system recommendations throughout the United States. A transient thermal balance model was developed
using equations and parameters from published heat stress models in order to quantify heat dissipation from a
dairy cow to her environment. The model was initially tested and evaluated using two TMY3 stations (Fresno,
California SN:723890 and Eau Claire, Wisconsin SN:726435). The model’s predictions were within one
standard deviation of field data. Once validated, the model was applied to all 215 TMY3 Class 1 stations and
contour maps of the U.S. were created for producers to determine which cooling strategy is the most
economical in their region.
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ABSTRACT. Dairy cattle are susceptible to heat stress with reported milk production loss exceeding 1.2 billion dollars 
in 2010. Heat stress occurs when the local thermal environment prevents adequate dissipation of metabolic heat production 
over extended periods. Implementing mitigation strategies in order to reduce heat stress has been a crucial need as dairy 
housing has transitioned from pasture to indoor housing systems. In order to maximize production, producers need the most 
effective cooling system to reduce heat stress. A heat stress mitigation model was developed using TMY3 data sets as inputs. 
The objectives of this research were to: (i) analyze the thermal environment’s ability to reduce heat stress in dairy cattle in 
selected regions using TMY3 data, (ii) model Holstein cattle subjected to various environmental modification systems 
(elevated airspeed, evaporative pad cooling, direct sprinkling) by region, (iii) create a universal barn/cooling system model 
to apply to selected regions with given TMY3 data inputs, and (iv) develop contour maps with optimal cooling system 
recommendations throughout the United States. A transient thermal balance model was developed using equations and 
parameters from published heat stress models in order to quantify heat dissipation from a dairy cow to her environment. 
The model was initially tested and evaluated using two TMY3 stations (Fresno, California SN:723890 and Eau Claire, 
Wisconsin SN:726435). The model’s predictions were within one standard deviation of field data. Once validated, the model 
was applied to all 215 TMY3 Class 1 stations and contour maps of the U.S. were created for producers to determine which 
cooling strategy is the most economical in their region.   
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Introduction 
With the world’s growing population, it is important that producers continue to increase their production to ensure that 
there will be enough nutritional food to feed everyone. Heat stress is detrimental to the livestock industry due to the decrease 
in production from the animal. Dairy cattle are especially susceptible to heat stress, and one of the major problems that the 
dairy industry faces is having cost-effective heat stress mitigation. When a dairy cow undergoes heat stress, milk production 
and conception rates drastically decrease. The total annual economic loss in the United States (U.S.) due to heat stress in the 
dairy cattle industry is estimated at $897 to $1500 million (St-Pierre, Cobanov, & Schnitkey, 2003). 
An animal becomes heat stressed when they are unable to dissipate internally generated heat to their surrounding 
environment. Animals housed in climates that have a high temperature profile or a high temperature profile combined with 
high relative humidity have higher heat stress risk. Several indices have been developed throughout the years, but the current 
generally accepted method used for assessing livestock heat stress is the Temperature Humidity Index (THI). This index 
includes inputs such as temperature and a measurement of humidity (relative humidity, wet bulb temperature, or dew point 
temperature) to assess the animal’s thermal exchange with the environment. In dairy cattle, research suggests that heat stress 
occurs when the Temperature Humidity Index (THI) exceeds 68 (Collier, Zimbelman, Rhoads, Rhoads, & Baumgard, 2006). 
However, this index does not include critical inputs to assess heat stress such as solar load or airspeed (Hahn, Mader, & 
Eigenberg, 2003). Equation 1 shows the THI equation used for this project:   THI = 0.72 ∗ (𝑇𝑇𝑑𝑑𝑑𝑑 + 𝑇𝑇𝑤𝑤𝑑𝑑) + 40.6  (1) 
where, 
Tdb  = dry bulb temperature (°C) 
Twb  = wet bulb temperature (°C). 
Most recently, a comprehensive climate index (CCI) was developed that corrects ambient temperature based on relative 
humidity, wind speed, direct solar radiation, and ground surface radiation (Mader, Johnson, & Gaughan, 2010). The CCI 
index was developed for ambient temperatures between -30 and 45°C. 
Along with THI and CCI, respiration rates (RR) can also be an indicator of heat stress. Using respiration rates as a heat 
stress indicator is practical for producers and physically indicates the severity of cow heat stress. A producer may not know 
what the humidity in the barn is at that time or be able to calculate a CCI value, which is why using a cow’s respiration rate 
is a fast and easy way to assess the level of heat stress.  Table 1 shows a comparison of CCI, THI, and RR values associated 
with various categories of heat stress.  
Table 1. Comparison of CCI, THI, and RR values 
Environment CCI* THI** RR (BPM)** 
No Stress < 25 < 68 < 60 
Mild 25 – 30  68 – 71  61 – 75   
Moderate 30 – 35  72 – 79  76 – 85  
Severe 35 – 40 80 – 89  86 – 119  
Extreme 40 – 45  90 – 99  120 – 140  
*Values taken from Mader et al. (2010) 
**Values taken from Renaudeau et al. (2012) 
  
   
Finally, a heat stress indicator proposed and developed for this research project to quantify heat stress is the capacity to 
dissipate heat (CDH). A cow’s CDH, deviating from CDH=1.0 (Equation 2), occurs when heat is internally stored causing 
an increase in her core body temperature, a consequence of her inability to dissipate heat to her environment:  CDH = 1 − ?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑇𝑇
  (2) 
where, 
?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   = amount of heat stored (W) 
THP        = total heat production (W). 
A CDH of 1.00 indicates that she is technically within the thermoneutral zone and not heat stressed. If the CDH goes 
below one, the assumption of heat stress is made indicating the need to store generated heat to maintain thermal balance 
with the surrounding environment. 
In order to reduce heat stress, cooling strategies have been implemented into indoor housing facilities. Small facilities 
may use natural ventilation with stir fans, but many modern facilities use forced mechanical ventilation, which may be 
combined with supplemental cooling systems like evaporative coolers or sprinkler systems. Researchers have looked at 
water-droplet size for sprinkler systems and its impact on increasing heat loss for an animal. Large droplets from a low-
pressure sprinkler system that completely wets the cow by soaking through the hair coat to the skin is more effective than a 
misting system, but a combination of fans and misters was just as effective as fans and sprinklers at maintaining dry matter 
intake (DMI) and milk yield (Collier, Dahl, & VanBaale, 2006). Some research has also been done on comparing 
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compression-based air-conditioning (CBAC) or zone cooling to other cooling methods (Brouk, Smith, & Harner, 2003). 
Implementing cooling strategies such as CBAC can become very costly, especially on large-scale operations. Although 
researchers have observed increased DMI and milk production coupled with decreased rectal temperature and respiration 
rates in CBAC environments (Brouk et al., 2003), this method is not economically feasible to implement in a dairy facility. 
Although there are multiple methods of heat stress mitigation, it is unknown which cooling strategy is most effective and 
economical at reducing heat stress in any given climatic region.    
There are many different weather data sets to choose from, but for this study, typical meteorological year (TMY) data 
was used. A TMY data set contains hourly meteorological values for a specific location over an extended period of time 
(Wilcox & Marion, 2008).  Weather stations throughout the U.S. have TMY data, but for this project, TMY3 Class 1 data 
was used because it is the most recent and accurate data available. TMY3 data sets are derived from the 1961-1990 and 
1991-2005 National Solar Radiation Data Base (NSRDB) archives and their intended use is for simulations of solar energy 
conversion and building systems to facilitate performance comparisons of different system types, configurations, and 
locations throughout the U.S. (“Typical Meterological Year 3,” 2005). In addition, TMY3 data sets contain all of the required 
input data for this project including, but not limited to, hourly dry-bulb temperature, relative humidity, atmospheric pressure, 
wind speed and direction imposed on a building, and solar radiation. Little to no research has been done on determining 
dairy cooling systems based on TMY3 data. One study was conducted using TMY3 data to determine what retro-
commissioning may do to save energy and associated costs of dairy housing fan operation (Brinker, Reinholtz, Williams, & 
Bergum, 2013). Another study was done in swine housing that consisted of developing a building thermal analysis and air 
quality model to predict indoor climate and long-term air quality (Sun & Hoff, 2009). 
The developed barn and cow models were first tested for a station in both California and Wisconsin, representing top 
producing states with vastly different climates. After the model and procedures were verified using a station in Fresno, 
California (SN: 723890) and a station in Eau Claire, Wisconsin (SN: 726435), all 215 TMY3 Class I stations throughout the 
U.S. were investigated to gather enough data with the ultimate objective to develop U.S.-wide contour maps directing dairy 
cooling strategies. The specific objectives of this research were to:  
1) Analyze the thermal environment’s ability to reduce heat stress in dairy cattle in selected regions with TMY3 Class 
I data, specifically highly populated dairy cattle areas such as California and Wisconsin,  
2) Model Holstein cattle subjected to evaporative cooling + airspeed, and direct water sprinkling + airspeed cooling 
systems by U.S. region,  
3) Create a universal barn/cooling system model to apply to selected regions with given TMY3 or equivalent data 
inputs, and, 
4) Develop contour maps with optimal cooling system recommendations throughout the United States.  
Model Development 
This section briefly describes the methods and procedures taken in order to develop a thermoregulation model to 
determine if a cow is in heat stress. The complete model development can be found in DeVoe (2017).  
Base Barn Model 
  A common barn configuration and herd size was chosen for analysis at each TMY3 location regardless of the barn style 
typical of each climatic region. This was done as a standard baseline condition to compare various mitigation strategies. 
According to Dairy Management Inc., farms with more than 100 cows produce 86% of the U.S. milk supply (USDA, 2012). 
The top two dairy producing states throughout the U.S. are California (#1) and Wisconsin (#2). The average sized dairy herd 
in California is 1438 cows, whereas, in Wisconsin the average herd size is only 129 cows. Since many dairies throughout 
the U.S. have a larger herd size, a barn was designed for this project to house 1000 head of 600 kg Holstein dairy cattle. 
After the herd size was selected, a freestall barn was designed to house the 1000 head herd in order to determine required 
barn dimensions and the barn’s ventilation system. The resulting freestall barn was 129.9 m x 81.1 m x 4.27 m (426 ft x 266 
ft x 14 ft) with a 1√12 roof pitch (Figure 1). 
81.1 m
4.27 m
 
Figure 1. Outside view of model barn  
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The ventilation system for this facility was designed using basic mass and energy balance equations. The desired indoor 
conditions that the ventilation rates were designed for was 20°C and 74% relative humidity resulting in a THI value of 67. 
This condition was selected in order to keep the moist air conditions in the building at levels just before the perceived onset 
of heat stress (THI = 68), if possible. Four different ventilation curves were developed to coincide with the various cooling 
strategies studied in this project, with the maximum hot weather rate dictated by either the level of temperature rise accepted 
or the average airspeed desired in the building. The first maximum ventilation rate was dictated by the desire to keep the 
inside air temperature no more than 2°C above entering conditions. This rule, called the “2°C rule”, resulted in the lowest 
average barn airspeed (low velocity case; LVC). The remaining three ventilation curves were maximized based on the 
average barn airspeed desired, a common design constraint used in tunnel or cross-flow ventilated dairy barns. The three 
added ventilation curves were based on a desired average airspeed of 1 m s-1 (medium velocity case; MVC), 2 m s-1 (high 
velocity case; HVC), and 3 m s-1 (very high velocity case; VHVC). For these four ventilation design cases, the maximum 
airflow and average airspeed obtained in the model barn is shown in Table 2. 
Table 2. Maximum barn airflow and average barn cross-sectional velocity modeled 
Ventilation Case Maximum airflow (m3 s-1) Average Velocity (m s-1) 
LVC (2°C Rule) 387 ≈0.5 
MVC 773 ≈1 
HVC 1547 ≈2 
VHVC 2321 ≈3 
   
Supplemental cooling was then applied to each airflow case shown in Table 2 resulting in eight unique cooling strategies. 
Evaporative cooling or alternatively large droplet sprinkling was incorporated with each ventilation case. The resulting 
abbreviations (Table 3) will be used through the remainder of this paper indicating the ventilation case and the use of 
evaporative cooling or sprinkling. 
Table 3. Cooling strategy abbreviations 
Ventilation Case Evaporative cooling?  Sprinkling?  Abbreviation 
LVC  Yes No LVCE  
LVC No Yes LVCN 
MVC Yes No MVCE 
MVC No Yes MVCN 
HVC Yes No HVCE 
HVC No Yes HVCN 
VHVC Yes No VHVCE 
VHVC No Yes VHVCN 
    
In tunnel or cross-flow ventilated barns, heat and moisture build up occurs from fresh-air inlet to fan exhaust due to 
incremental sensible and latent heat added by the cows up to the point of interest. Figure 2 shows a schematic of a cow in 
the modeled barn giving off heat and water vapor. The outdoor air is being drawn in through the evaporative cooler, 
increasing water vapor content and decreasing dry-bulb temperature (if the evaporative cooler is on). The resulting moist air 
(with or without evaporative cooling) moves through the barn where sensible heat and water vapor given off by the cows is 
incrementally added before exiting the building through the fans. 
 
TMY3 Data 
Tdb,ev ap
ṁwp,m
SHPm
Tdb
ṁ 
Hbarn
Tsa
 
Figure 2. Model of the cross-ventilated barn showing temperature and heat build up  
A sensible energy and water vapor balance was applied to predict the temperature and humidity ratio rise through the 
barn. The heat and moisture rise throughout the barn assumes that the barn is full and the cows are uniformly distributed. 
The resulting thermal conditions achieved at the center of the barn were used for the modeled cow. After the barn’s center 
dry-bulb temperature and humidity ratio (W) were determined, all other psychrometric properties were calculated and used 
as input parameters for modeling the sensible and latent heat exchange from the cow to her surroundings. 
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Cow Model 
 After extensive literature review, the model developed for this project originated from McGovern & Bruce (2000) 
supplemented with constants and equations from several other sources. A 600-kg cow (Berman, 2005) was assumed with a 
core body temperature of 38.5°C, body surface area of 5.37 m2 (Thompson, Barioni, Rumsey, Fadel, & Sainz, 2014), and 
modeled as a cylinder with a diameter of 0.727 m (McGovern & Bruce 2000). The equations presented in the remaining 
section were generated from published equations or taken from DeVoe (2017). 
Heat dissipation from a cow to her surrounding begins with the amount of heat the cow internally generates (THP) and 
the heat flow paths available to reach the surrounding environment (Equation 3):   𝑇𝑇𝑇𝑇𝑇𝑇 =  ?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 + ?̇?𝑄𝐹𝐹𝐹𝐹 + ?̇?𝑄𝑐𝑐𝑐𝑐 + ?̇?𝑄𝑠𝑠𝑠𝑠𝑑𝑑 + ?̇?𝑄𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟 + ?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 (3) 
where,  
?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟    = THP portion lost to surrounding moist air through respiration (W) 
?̇?𝑄𝐹𝐹𝐹𝐹    = THP portion used to heat the ingested feed and water to the cow’s core temperature (W) 
?̇?𝑄𝑐𝑐𝑐𝑐       = THP portion lost to surrounding moist air through convection (W) 
?̇?𝑄𝑠𝑠𝑠𝑠𝑑𝑑       = THP portion lost to surrounding surfaces through long-wave radiation (W) 
?̇?𝑄𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟      = THP portion lost to surrounding moist air through water evaporation via sweating or sprinkling (W) 
?̇?𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑  = THP portion that must be stored to balance energy (W). 
Figure 3 shows a complete flow chart of how the THP is influenced by the TMY3 Class I weather drawn into the barn 
model and then being dissipated to the surrounding environment. This figure is a condensed flow chart of the code used for 
this project.  
THP ¶ 
Qrespiration  ₴
Qsen,resp ₤
Diffusion †
Sweating *
Qconvection
Qremain_sweat
Qradiat ion ¶
Qstorage
Active 
Sweating
Sprinklers
Natural
Forced
Long-wave
Qfeed, water *
Qlat,resp ₤
Qheat_skin
TV ₤ RR ₤
Tcoat
Rtissue ₤
Tskin
Rpelage †
Rvc 
RblBarn 
Env.
Tcore
TMY3
Rv,bl
Rvc,bl
Pskin
Pcoat Patm
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Figure 3. Flow chart of the heat dissipation paths from the model cow  
A diagram of the sensible heat and water vapor transfer from the core of the cow was also developed to assist in a visual 
interpretation of the heat dissipation processes. Figure 4 shows a close up view of the coat layer when a cow sweats or water 
is added to her back from a sprinkler system. This network applies to the balance of THP after respiration and the heat used 
to raise feed and water to the cow’s core temperature has been accounted for. It also describes the portion of THP transferred 
by conduction through her tissue layer (Rtissue = Rt,actual) to the skin. From the skin, heat will either be conducted through her 
coat layer (Rpelage) ultimately leaving through convection (Rbl) to the surrounding moist air, through radiation (Rrad) to the 
surrounding surfaces, or used to evaporate sweat or added sprinkling water. The mean radiant temperature (TMRT), dictated 
by surrounding barn surface temperatures, influences the heat lost by radiation, and the dry-bulb temperature and airspeed 
influence the convective heat lost to the surroundings. A portion of the heat that reaches the skin can be used to evaporate 
sweat or added sprinkling water. There are two different paths that influence water evaporation at the skin. The water vapor 
pressure differential between the skin layer (Pw,skin) and the top of the coat layer (Pw,coat) influences the water vapor diffused 
through the coat itself (Rvc) and in parallel, through the boundary layer of the coat (Rvc,,bl) as a result of natural mass 
convection (McGovern & Bruce, 2000). Finally, this parallel water vapor path through the coat layer is in series with the 
mass convection (Rv,bl) that occurs to the surrounding moist air, influenced by the moist air water vapor pressure differential 
(Pw,atm) and the free-stream airspeed which influences the outer boundary layer into the moist air surrounding the cow 
(McGovern & Bruce, 2000). 
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Figure 4. Schematic diagram of modeled heat and vapor flow from core to surrounding environment 
The total heat produced by a cow is dependent on many variables, but typically THP for dairy cattle is published as a 
function of air temperature surrounding the cow. Published THP data for dairy cows was used for this project as a baseline 
THP for all climates. The published data (Albright, 1990) was used and a regression equation was developed from which 
THP was calculated (Equation 4). A factor of 1.3 was applied to Equation 4 to account for modern higher performing cows, 
based on more recent albeit limited heat production data. For this model, it was assumed that there was an optimal THP that 
occurs at Tdb = 15°C:  𝑇𝑇𝑇𝑇𝑇𝑇 = �−0.0168 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 + 2.3666� ∗ � 𝑚𝑚𝑐𝑐𝑠𝑠𝑐𝑐𝑚𝑚𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠�0.734 ∗ 𝑚𝑚𝑠𝑠𝑠𝑠𝑑𝑑𝑡𝑡𝑠𝑠  (4) 
where,  
mcow         = mass of modeled cow (600 kg) 
mtable     = mass of comparison cow (500 kg) 
Tdb,center  = air temperature surrounding the cow modeled (°C). 
A similar procedure was followed to estimate latent heat production and the sensible heat production was the difference 
between total heat production and the latent heat production. A comparison with field estimated THP was used to determine 
the adequacy of the THP level modeled with Equation 4. The Department of Animal Science from The Ohio State University 
determined, through calorimetry, that a lactating 600 kg cow producing 35 kg of milk a day, produced 34.6 Mcal day-1, or 
1677 W of total heat (Weiss, 2016). The modeled THP (Equation 4) was equivalent to 1571 W (LHP = 637 W, with the 
balance SHP = 934 W). The agreement (within 6.3% of actual THP) warranted the use of Equation 4 for varying dry bulb 
temperatures surrounding the modeled cow. Future calorimetry work is needed to improve this procedure. 
The energy lost during respiration, for the modeled cow at the center of the barn, was handled as a classic psychrometric 
heating and humidifying process including virtual body and air temperatures (McArthur, 1987). The equations used for the 
sensible and latent heat lost during breathing were modified from the equations used in (Thompson, Barioni, et al., 2011). 
The virtual body and air temperatures, defined as the temperature at which dry air has the same density (McArthur, 1987), 
includes temperature and vapor pressure differences. The amount of heat required to raise ingested food and water (?̇?𝑄𝐹𝐹𝐹𝐹) to 
core temperature was calculated by using a basic internal energy calculation. The cow uses internally produced energy to 
heat ingested food and water to her core temperature that is eventually lost in urine and fecal excretion. Due to the 
complication of correlating feed and water intake with milk production, which can be greatly influenced during heat stress, 
feed (DMI) and water (WI) intake rates (Equations 5 and 6) were modeled from the National Research Council (U.S.), 
Committee on Animal Nutrition, & Subcommittee on Environmental Stress (1981):  DMI =  −0.0003 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠3 + 0.0056 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠2 − 0.0103 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 + 22.919 (5) 
and  WI = 0.0347 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠2 + 2.1338 ∗ 𝑇𝑇𝑑𝑑𝑑𝑑,𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 + 78.37. (6) 
If the predicted DMI of the cow was below 2% of her body weight, the assumption was made that her DMI would 
minimize at 2% of her body weight (Baumgard, 2016). The specific heat of dry matter (CDM) used was estimated at 3250 J 
kg-1 K-1 (Jiang & Jofriet, 1988). The temperature of the ingested feed was assumed to have the same temperature as the 
ASABE 2017 Annual International Meeting Page 7 
outdoor dry bulb temperature, which assumes feed is stored outside the barn before being mixed. The water temperature 
was assumed to be the average of the dry bulb temperature and the ground water temperature at each TMY station. This 
assumption was made since the water sits in the water tanks in the barn and is therefore exposed to the ambient conditions 
in the barn after being pumped from ground water temperature. 
Finally, the remaining heat can be dissipated through body surface heat transfer (i.e., convection, radiation, and 
evaporation of sweat or sprinkler water). Convection and radiation were handled as typical heat transfer processes as shown 
in Equations 7 and 8:   ?̇?𝑄𝑐𝑐𝑐𝑐 = 𝐴𝐴𝑑𝑑 ∗ (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑇𝑇𝑑𝑑𝑡𝑡,𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)(𝑅𝑅𝑡𝑡𝑡𝑡+𝑅𝑅𝑝𝑝)  (7) 
where, 
Ab    = area of the body of the cow (5.37 m2; Berman, 2003) 
Rbl        = resistance to heat flow through the boundary layer (m2 K W-1) 
Rp     = resistance to heat flow through the pelage or coat layer (0.086 m2 K W-1; McGovern & Bruce, 2000) 
Tskin  = the skin temperature (°C)  ?̇?𝑄𝑠𝑠𝑠𝑠𝑑𝑑 = 𝐴𝐴𝑑𝑑 ∗ 𝜎𝜎 ∗ 𝜀𝜀𝑐𝑐𝑠𝑠𝑤𝑤 ∗ (�𝑇𝑇𝑠𝑠𝑐𝑐𝑠𝑠,𝑠𝑠𝑠𝑠𝑑𝑑 + 273.15�4 − 𝑇𝑇𝑀𝑀𝑅𝑅𝑇𝑇4 ) (8) 
where, 
Tave,rad  = weighted sum of the skin and air temperatures (°C) 
TMRT    = mean radiant temperature (K) 
εcow      = emissivity of the cow (0.98 dimensionless; Thompson et al., 2014) 
σ          = Stefan Boltzmann constant (5.67*10-8 W m-2 K-4). 
The evaporation of sweat or sprinkler water was unique for this project since it was considered only if the surrounding 
environment was able to evaporate the excess water (Equation 9). This process was assumed since the predominant cooling 
potential is a result of the evaporation of water or sweat and not the pooling of water or sweat.   ?̇?𝑄𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟 = 𝐴𝐴𝑑𝑑 ∗ 𝛽𝛽 ∗ ℎ𝑓𝑓𝑠𝑠 ∗ (𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐹𝐹𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑅𝑅𝑣𝑣,𝑠𝑠𝑒𝑒∗𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   (9) 
where,  
hfg       = latent heat of vaporization (assumed at 2410000 J kgw-1) 
Rv,eq    = equivalent resistance to vapor flow through the coat (s m-1) 
Wcenter  = humidity ratio of air at the center of the barn (kgw kga-1) 
Wskin    = humidity ratio at skin surface (kgw kga-1) 
νcenter    = specific volume of air at the center of the barn (m3 kga-1) 
β          = sweating factor (0.5534: fraction of the body area that is sweating at any given time). 
Equation 9 includes a “sweating factor” β that was required to align the maximum published latent heat loss with 
experimental data on maximum respiration rate, tidal volume, and sweating rate. For example, if the entire surface area of 
a 600 kg cow is allowed to sweat and evaporate at the maximum published rate and is also respiring at the maximum 
respiration rate, combined with the maximum published tidal volume, then the predicted latent heat loss far exceeds 
maximum published latent heat loss data. A procedure was developed to back calculate the actual surface area of a cow’s 
body that will actively sweat by using the following equations:   𝛽𝛽 =  (𝐿𝐿𝑇𝑇𝑇𝑇𝑚𝑚𝑠𝑠𝑚𝑚−?̇?𝑄𝑅𝑅𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚)
?̇?𝑄𝑆𝑆𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚   (10) 
where,  
LHPmax         = maximum latent heat production from published data (W) 
?̇?𝑄𝑅𝑅𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚  = heat loss at the maximum respiration rate (W) 
?̇?𝑄𝑆𝑆𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚   = heat loss at the maximum sweating rate (W)    𝐿𝐿𝑇𝑇𝑇𝑇 = 𝐿𝐿𝑇𝑇𝑇𝑇𝑓𝑓𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 � 𝑚𝑚𝑐𝑐𝑠𝑠𝑐𝑐𝑚𝑚𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠�0.734 ∗ 𝑚𝑚𝑠𝑠𝑠𝑠𝑑𝑑𝑡𝑡𝑠𝑠  (11) 
where,  
LHPfactor  = estimated maximum latent heat production (1.82 W kg-1)  ?̇?𝑄𝑅𝑅𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 = 𝑅𝑅𝑅𝑅𝑚𝑚𝑠𝑠𝑚𝑚 ∗ 𝑇𝑇𝑉𝑉𝑚𝑚𝑠𝑠𝑚𝑚 ∗ 𝜌𝜌𝑠𝑠𝑎𝑎𝑠𝑠 ∗ �𝑊𝑊𝑡𝑡𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 − 𝑊𝑊𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠� ∗ ℎ𝑓𝑓𝑠𝑠 (12) 
where, 
RRmax    = maximum respiration rate (120 BPM; Renaudeau et al., 2012) 
TVmax   = maximum tidal volume (4.24 L; Berman, 2005)    ?̇?𝑄𝑆𝑆𝑅𝑅,𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 = 𝑆𝑆𝑅𝑅𝑚𝑚𝑠𝑠𝑚𝑚 ∗ 𝐴𝐴𝑐𝑐𝑠𝑠𝑤𝑤 ∗ ℎ𝑓𝑓𝑠𝑠  (13) 
where,  
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SRmax  = maximum sweating rate (288 gw m-2 hr-1; McArthur, 1987).  
The remaining published equations for this developed model can be found referenced in Figure 3.   
The previously described barn and cow models were used to compare with collected field data (Gebremedhin, Lee, 
Hillman, & Collier, 2010) using similar input parameters to show the effectiveness of the developed barn and cow models 
using TMY3 Class I stations in Eau Claire, Wisconsin (SN: 726435) and Fresno, California (SN:723890). Tables 5 and 6 
show this comparison. Both the hot and dry and hot and humid conditions were analyzed in the field study comparison at 
an airspeed of 1 m s-1. Also, the following results from the field study are from shaded cows similar to the situation 
encountered inside buildings as modeled with this project. The field study was compared to the developed barn and cow 
models using selected six hour periods from the Wisconsin and California TMY3 data sets. The six hour continuous time 
periods used from the developed models were selected based on best matching the dry-bulb temperature and THI levels 
reported in the field study. The field study was conducted for twelve high-producing Holstein cows. The numbers in the 
tables are the measured means with the values in parentheses representing the standard deviation. 
Table 5. Field data comparison with the developed cow model for hot and dry conditions (Ave ± SD) 
 Tdb,ave 
(°C) THI 
SR^ 
(g m-2 hr-1) 
RR 
(BPM) 
Tcore 
(°C) 
Tskin 
(°C) 
Field Study* 35.1 79.6 173.6 (123.2) 95.8 (15) 39.4 (0.5) 36.5 (0.7) 
Model (WI) 35.1 (0.9) 83.4 (0.5) 138.5 (8.6) 120 (0) 39.6 (0.3) 36.6 (0.4) 
Model (CA) 35.1 (3.5) 79.8 (3.0) 172 (17) 117.2 (6.2) 39.4 (0.1) 36.8 (0.3) 
*Gebremedhin et al. (2010) 
^Modelled results report the actual evaporation rate predicted, excluding any pooling of sweat not evaporated 
Table 6. Field data comparison with the developed cow model for hot and humid conditions (Ave ± SD)   
 Tdb,ave (°C) THI 
SR^ 
 (g m-2 hr-1) 
RR  
(BPM) 
Tcore  
(°C) 
Tskin  
(°C) 
Field Study* 29.1 79.6 205.7 (105.4) 71.7 (14.3) 38.8 (0.3) 33.9 (0.8) 
Model (WI) 29.1 (4.0) 78.4 (4.1) 122.4 (4.2) 111.8 (20.2) 38.7 (0.3) 35.7 (0.4) 
Model (CA) 29.1 (4.2) 75.7 (3.6) 151.6 (8.9) 104 (23.1) 38.6 (0.1) 35.6 (0.6) 
*(Gebremedhin et al., 2010) 
^Modelled results report the actual evaporation rate predicted, excluding any pooling of sweat not evaporated 
       
The model’s results were within one standard deviation of the measured means for the sweating rate and core body 
temperature for both conditions (hot and humid, hot and dry), as well as the skin temperature for the hot and dry condition. 
The respiration rates predicted were within two standard deviations for the hot and dry condition and within three standard 
deviations for the hot and humid condition, most likely as a result of the developed cow model’s provision allowing the cow 
to reach her maximum respiration rate (120 BPM) before heat is allowed to be stored. The skin temperature for the hot and 
humid condition were also within three standard deviations of the field data’s measured means. Overall, the developed cow 
model performed well and was deemed suitable for evaluating dairy heat stress mitigation across the U.S. using TMY3 Class 
1 data as inputs to the barn model.  
Evaluating Heat Stress Mitigation with the Developed Barn and Cow Models 
The following section presents multiple graphs comparing the predicted results from the model against published data. 
The model was applied to a station in Eau Claire, Wisconsin (SN: 726435) and Fresno, California (SN: 723890). All 
indication of either state throughout this section refers to these two TMY3 Class I stations.  
Figures 5 and 6 show the comparison between the sensible and latent heat loss predicted by the developed cow and barn 
models with published data for the summer months (June through August; Julian Days 152 to 244) in Wisconsin and 
California without and with evaporative cooling. The cow model predictions were derived using the developed barn model 
at the LVC ventilation case (see Table 2) consistent with the assumed calorimetry conditions used for the published data 
(Albright, 1990; Appendix 5-1). It should be noted that in all non-evaporative cooling results, the developed cow model 
allows for added sprinkling if the surrounding environment is capable of evaporating excess “sweat”. As a consequence of 
this modeling provision, the “with evaporative cooling” cases are more representative of the calorimetry conditions used for 
comparison. 
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Figure 5. Sensible heat loss comparison for (a) Wisconsin and (b) California 
The predicted sensible heat loss using the developed barn and cow models without evaporative cooling for Wisconsin 
was 732±85 W and with evaporative cooling was 757±58 W compared to 745±130 W and 787±82 W respectively for the 
published data (JD 152-244). The predicted sensible heat loss for California without evaporative cooling was 598±104 W 
and with evaporative cooling was 677±55 W, compared to 573±196 W and 745±70 W respectively for published data (JD 
152-244). The average sensible heat loss in Wisconsin for both conditions was higher than California, a result of the higher 
average temperature in California over this same period (27.2±6.6°C) compared to Wisconsin (20.9±5.3°C). The sensible 
heat loss increased for both states when evaporative cooling was added because of the decrease in barn center temperature, 
thus increasing the skin-to-ambient temperature gradient. Figure 6 shows the latent heat loss for both states without and with 
evaporative cooling through the summer months as well. 
Figure 6. Latent heat loss comparison for (a) Wisconsin and (b) California 
The model also predicted latent heat loss for Wisconsin without and with evaporative cooling as 839±85 W and 814±58 
W compared to 827±130 W and 785±82 W respectively for the published data (JD 152-244). The predicted latent heat loss 
for California without and with evaporative cooling was 973±104 W and 895±55 W respectively, compared to 999±196 W 
and 826±70 W respectively for published data (JD 152-244). The average latent heat loss in Wisconsin for both conditions 
was lower on average than California, indicating, at least in part, that the humidity ratio in Wisconsin is higher than 
California over this same period. The latent heat loss decreased for both states when evaporative cooling was added due to 
the increase in moisture in the air from the evaporative cooler, thus decreasing the vapor gradient between the cow and her 
environment. 
A Welch’s (unequal variances) t-test was performed to verify the agreement between predicted and published sensible 
and latent heat loss. Sixteen data points were randomly selected using the random number function in Microsoft Excel. First, 
a row number was randomly selected, which was an hour from one of the 92 days in the summer (Julian Days 152-244). 
This was the beginning hour of one data point. Then, the random number function was used to choose a continuous number 
(a) 
 
(b) 
 
(a) 
 
(b) 
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of averaging hours between 3 and 8 inclusive. The comparisons were made at the LVCE condition to best match published 
calorimetry conditions (i.e., no sprinkler use). A two-tailed test was used with a significance level of 0.05 and 30 degrees of 
freedom (|t|=2.042). The results indicated that for the Wisconsin data comparison, no significant difference was found 
between predicted and published sensible and latent heat loss (|t|=0.97). For California data, however, significant differences 
were found for both sensible and latent heat loss comparisons (|t|=3.75). Reviewing the percent differences for the sixteen 
randomly selected Wisconsin and California data sets at the LVCE strategy, the sensible heat loss was -2.6% for Wisconsin 
and -10.1% for California compared to the latent heat loss of 2.7% for Wisconsin and 9.4% for California. This discrepancy 
between the Wisconsin and California results could be due to the drier conditions in California since the average relative 
humidity for California was 65.7±9.5% compared to the Wisconsin data set average relative humidity of 82.3±9.5%. The 
environmental conditions at which the published data was collected is unknown; therefore, the assumption could be made 
that Wisconsin’s environmental conditions most closely matches that of the published data’s environmental conditions. In 
summary, since Wisconsin’s data set was not significantly different than the published data set, the model was deemed valid 
and thus acceptable for cooling strategy comparison use. 
For the developed cow model, the sweating rate directly correlates to the evaporation rate, which is dependent on the 
moist air properties and airspeed at the modeled cow located at the center of the barn. Therefore, the cow could sweat more 
than the environment can handle, but the sweat would pool on the skin surface providing no cooling benefit due to 
evaporation. The modeled sweating rate (i.e., evaporation rate) of the cow was compared to a published equation which is 
dependent on the cow’s skin temperature (Equation 14) that was developed by Thompson, Fadel, & Sainz (2011):  𝑆𝑆𝑅𝑅𝑟𝑟𝑙𝑙𝑑𝑑𝑡𝑡𝑎𝑎𝑠𝑠ℎ𝑠𝑠𝑑𝑑 =  0.75 ∗ 𝑒𝑒0.15(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠). (14) 
This correlation between skin temperature and sweating rate was developed by applying a best fit line to sweating rate 
data from 12 different studies, which was then evaluated against three previously published equations (Thompson, Fadel, et 
al., 2011). The comparison for the modeled cow’s sweating (i.e., evaporation) rate versus the published sweating rate in 
Wisconsin and California for the LVC and HVC ventilation cases can be seen in Figures 7 and 8 without and with evaporative 
cooling.  
Figure 7. Sweating rate comparison at the LVC strategy for (a) Wisconsin and (b) California 
The published values are in general higher than the modeled results during the LVC ventilation case. For Wisconsin at 
the LVCN and LVCE strategies, the published sweating rates were 148±43 g m-2 hr-1 and 141±36 g m-2 hr-1 respectively, and 
for the modeled sweating (i.e., evaporation) rates were 107±9 g m-2 hr-1 and 103±8 g m-2 hr-1. For California at the LVCN 
and LVCE strategies, the published sweating rates were 185±43 g m-2 hr-1 and 153±26 g m-2 hr-1 respectively, and for the 
modeled sweating (i.e., evaporation) rates were 122±12 g m-2 hr-1 and 111±5 g m-2 hr-1. This trend is most likely the result of 
the model equating sweating rate with the actual evaporation rate versus the published sweating rate summarized with 
Equation 14. The difference between the modeled and published data (Equation 14) indicates, as one possible explanation, 
that unevaporated sweat is pooling on her skin since the environment is unable to evaporate excess sweat. The sweating 
rates and evaporation rates are lower during the evaporative cooling cases due to the moisture increase in the ambient air 
from the evaporative cooler which decreases the moisture’s concentration gradient between the air and the cow’s skin.  
In comparison with the HVC ventilation case, the environment is capable of evaporating significantly more sweat 
produced by the cow, which is one potential reason why the agreement between modeled and published is better as shown 
in Figure 8.  
(a) 
 
(b) 
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Figure 8. Sweating rate comparison at the LVC strategy for (a) Wisconsin and (b) California 
For Wisconsin at the HVCN and HVCE strategies, the published sweating rates were 123±25 g m-2 hr-1 and 111±19 g m-
2 hr-1 respectively, and for the modeled sweating (i.e., evaporation) rates were 117±23 g m-2 hr-1 and 117±18 g m-2 hr-1. For 
California at the HVCN and HVCE strategies, the published sweating rates were 143±26 g m-2 hr-1 and 111±24 g m-2 hr-1 
respectively, and for the modeled sweating (i.e., evaporation) rates were 160±59 g m-2 hr-1 and 134±16 g m-2 hr-1. When the 
modeled evaporation rate potential exceeds the published sweating rate the difference shows the additional water that could 
be evaporated via sprinkling to cool the cow. A graphical representation (Figure 9) for the summer (JD 152-244) shows 
when during this time period sprinkling could be applied due to the environment having the capability of evaporating more 
water than the cow is able to sweat. 
Figure 9. Sweating rate comparison in California for (a) HVCN and (b) HVCE 
Heat Stress Indicators  
The current method of assessing heat stress for dairy cattle is THI. THI was plotted against the capacity to dissipate heat 
formulation (CDH) to predict the adequacy of THI as a heat stress indicator. Figure 10 plots CDH against THI for Wisconsin 
and California comparing the LVC and HVC ventilation cases with and without evaporative cooling. A CDH that falls below 
1.00 is an indication that energy must be stored to balance THP and is one possible measure of heat stress. Therefore, the 
THI level at which CDH falls below 1.00 can be used to assess, in theory, the adequacy of a mitigation strategy.  
 
(a) 
 
(b) 
 
(a) 
 
(b) 
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Figure 10. CDH vs THI in (a) Wisconsin and (b) California    
In Wisconsin, CDH drops below 1.00 when THI=72 for both strategies in the LVC condition where as in California the 
same happens when THI=71. It is interesting to note that this CDH level occurs at the THI stress level that had been used in 
the dairy industry up until 2006 when a re-evaluation of THI was done that determined the onset of heat stress began at a 
THI of 68 (Collier, Zimbelman, et al., 2006). If the airspeed levels are increased (HVCN), THI=80 and 81 before CDH drops 
below 1.00 for Wisconsin and California, respectively. With evaporative cooling (HVCE), CDH drops below 1.00 when 
THI=79 for Wisconsin and 82.5 for California. Using CDH as an indicator of heat stress is a direct reflection of the developed 
cow model, and if accepted as representative of the cow’s thermal exchange, is also an indication of heat stress. If an 
alternative heat stress indicator is used, such as THI (Equation 1), then CDH should fall below 1.00 at the same “indicator 
level” regardless of mitigation method used. Clearly, THI as used in this project, exhibited a wide range of “THI levels” 
when CDH fell below 1.00. These results point out the power of airspeed control in a dairy barn (at least to the HVC level), 
and the lack of accountability of airspeed in the currently accepted THI. 
A new index that incorporates airspeed is CCI. Theoretically, all CDH values should overlap at any CCI (like that 
described above for THI). Figure 11 shows the CDH plotted against CCI for Wisconsin and California.    
Figure 11. CDH vs CCI in (a) Wisconsin and (b) California 
In Wisconsin, CDH drops below 1.00 when CCI=29 for the LVCN and 28 for the LVCE conditions where as in 
California the same happens when CCI=29.5 and 28 respectively. If the airspeed levels are increased (HVCN), CCI=31 
before CDH drops below 1.00 for Wisconsin and 32 for California. With evaporative cooling (HVCE), CDH drops below 
1.00 when CCI=30 for Wisconsin, and 33.5 for California. The “critical” CCI values for each cooling strategy shown are 
more closely matched than those predicted with THI, which indicates that CCI is a better, but not perfect, index to assess 
heat stress. The CCI’s maximum range amongst cooling strategies when CDH dropped below 1.00 for Wisconsin and 
California was 2, whereas the THI’s maximum range was 8 for Wisconsin and 10 for California, indicating that CCI appears 
to be a better heat stress indicator than THI. 
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Geospatial Evaluation of Mitigation Method Performance 
This section provides results for all 215 TMY3 Class 1 stations, using the developed barn and cow models, and the 
procedures and results described in the previous section where Wisconsin (SN:726435) and California (SN:723890) were 
used as test cases. ArcMap 10.4 (ArcGIS 10.4, 2016) was used to interpolate the data between each station to produce a 
contour map of the U.S. based on selected parameters. In order to determine the best overall cooling strategy to implement 
in a facility throughout multiple climates, several parameters need to be taken into consideration. First of all, the purpose of 
a cooling system is to cool an animal; therefore, the cooling potential of a particular system is the greatest factor to consider. 
Since CCI was determined to be a better thermal index to assess heat stress, and, dry matter intake decrease is a direct 
physiological response of heat stress, a feed intake equation was developed as a function of CCI (Equation 15; DeVoe, 
2017). This was done by applying the feed intake equation as a function of temperature and assuming a relative humidity of 
50% and an airspeed of 0.5 m s-1 to calculate a corresponding CCI.   𝐹𝐹𝐹𝐹 =  −0.0002 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹3 + 0.0069 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹2 − 0.0487 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹 + 22.994 (15)  
where,  
FI  = feed intake (kg cow-1 day-1). 
The calculated feed intake from CCI was then multiplied by a feed efficiency of 1.5 kg milk per kg feed (Hutjens, 
Michael F., 2005) to determine the milk production for that cow, which can be directly related to a return on investment for 
the producer. 
Another consideration to determine the best cooling strategy, previously mentioned, is the resource use such as water 
or energy requirements to accomplish any given level of heat stress mitigation. Due to continual fluctuation in milk prices, 
and cost of water and energy as well as the dispersion of those prices throughout the U.S., a map predicting the most 
economical cooling system was not feasible. Instead, an equation was developed (Equation 16) to determine a return on 
investment (ROI) per cow with each consideration that could later be modified depending on the fluctuation in prices by 
location:    ROI = 𝑁𝑁𝑐𝑐𝑠𝑠𝑤𝑤𝑠𝑠[�𝑀𝑀𝑟𝑟𝑠𝑠 ∗ 𝑈𝑈𝐶𝐶𝑤𝑤 ∗ 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠� − (𝑊𝑊𝑟𝑟𝑠𝑠 ∗ 𝑊𝑊𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡) − (𝐸𝐸𝑟𝑟𝑠𝑠 ∗ 𝐸𝐸𝑓𝑓)]   (16) 
where,  
Epr  = Energy price ($ kW-1 hr-1) 
Ef     = Fan energy use (kW hr cow-1 yr-1) 
Mpr  = Milk prices ($ 100-1 lbs-1) 
Mtot    = Total milk weight (kg cow-1) 
Ncows  = Number of cows  
ROI    = Return on investment ($ yr-1) 
UCw   = Weight unit conversion (2.2 lbs kg-1) 
Wpr  = Water price ($ gallon-1) 
Wcool   = Cooling water use (gallons cow-1 yr-1). 
This equation can then be applied across the U.S. to determine which cooling strategy producers should consider in their 
facility in order to most optimally reduce heat stress in their dairy cattle. This heat stress reduction will increase conception 
rates and milk production for the cattle and overall increase the operation’s profit. The LVCN strategy was used as a baseline 
condition to compare all other strategies against. Figure 12 shows the baseline for feed intake and milk production as well 
as the cooling water, total water (drinking + cooling), and fan energy use that occurs during the LVCN strategy. 
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Figure 12. Contour maps showing the (a) feed intake (b) milk production (c) cooling water use (d) total water use (cooling+drinking), and (e) fan 
energy use at the LVCN strategy 
 
The next map (Figure 13) shows the increase in feed intake and milk production when a specific cooling strategy is used 
(HVCE strategy shown) along with the amount of water needed for that specific cooling strategy, the total amount of water 
used (cooling + drinking), and the fan energy needed per cow. All cooling strategies were analyzed in DeVoe (2017).  
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Figure 13. Contour maps showing the (a) increased feed intake and (b) increased milk production at the HVCE strategy compared to the LVCN 
strategy as well as the (c) cooling water use (d) total water use and (e) fan energy use at the HVCE strategy 
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It would be up to the producer to apply Equation 16 to the previous maps in order to determine which strategy is the most 
economical to implement in their region. They could use the following steps to determine which cooling strategy to use in 
their area:  
1) Determine the increase in milk production in your region for each strategy (See DeVoe (2017) for all Table 3 
cases),  
2) Multiply the milk production increase by your milk price, or a milk price you are comfortable with for long term 
planning, 
3) Take the cooling water use for that same strategy and subtract the cooling water use for the LVCN strategy,  
4) Multiply this water usage by the water price in your region, 
5) Repeat steps 3 and 4 for fan energy use, and finally, 
6) Using Equation 16, determine the ROI for each strategy. 
For example, for the stations in Wisconsin and California, the single ROI can be calculated using Equation 16 for each 
of the cooling strategies. Table 7 outlines each of the cooling strategies with the values for feed intake, milk production, 
water and fan energy use and the resulting ROI for that strategy. The ROI’s were calculated by using constants for both 
states. A milk price of $0.363 kg-1, which is the U.S. average milk price for April 2017 (USDA, 2017) was assumed. Due to 
the fluctuation in water cost throughout the U.S, water was assumed to be $0.0015 gallon-1 for both states and fan energy 
cost was set at $0.12 kW-hr-1 (Jiang, 2011). The total ROI column in Table 7 shows the increase or decrease in ROI from 
the baseline LVCN strategy.  
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Table 7. Example of finding the total ROI for two stations, CA (SN: 723890) and WI (SN: 726435) by using Equation 16 for the 1000-hd cross-flow dairy barn modeled 1 
Station 
Number 
Cooling 
Strategy 
Feed Intake,  
or Increase+  
(kg cow-1 yr-1) 
Milk 
Production, 
or Increase+ 
(kg cow-1 yr-1) 
Total Water Use*  
(gallon cow-1 yr-1) 
Cooling Water Use 
(gallon cow-1 yr-1) 
Fan Energy Use 
 (kW hr cow -1 yr-1) 
ROI  
($ yr-1) 
Total ROI 
Increase or 
Decrease 
($ yr-1) 
723890 LVCN 8,277 12,415 13,129 18 260 4,475,497 Baseline 
723890 LVCE 115+ 172+ 16,347 4,089 257 4,532,071 56,574+& 
723890 MVCN 83+ 125+ 13,127 64 441 4,499,108 23,611+ 
723890 MVCE 158+ 237+ 20,153 7,955 436 4,528,548 53,052+ 
723890 HVCN 113+ 170+ 13,376 336 782 4,474,004 -1,493 
723890 HVCE 169+ 254+ 28,087 15,919 772 4,482,491 6,994+ 
723890 VHVCN 120+ 180+ 14,016 984 1,143 4,433,529 - 41,968 
723890 VHVCE 171+ 257+ 36,033 23,874 1,127 4,428,816 -46,681 
726435 LVCN 8,387 12,580 11,544 2 157 4,547,798 Baseline 
726435 LVCE 23+ 34+ 12,289 926 156 4,558,821 11,023+ 
726435 MVCN 33+ 49+ 11,535 19 248 4,554,711 6,913+ 
726435 MVCE 47+ 71+ 13,136 1,803 2467 4,559,930, 12,132+& 
726435 HVCN 43+ 65+ 11,631 127 410 4,540,855 -6,943 
726435 HVCE 54+ 81+ 14,927 3,607 408 4,541,571 -6,227 
726435 VHVCN 46+ 68+ 11,854 354 586 4,520,548 -27,250 
726435 VHVCE 55+ 82+ 16,725 5,409 583 4,518,452 -29,346 
*Includes drinking water and water used for the cooling strategy  
+Denotes an increase from the original value at the LVCN strategy 
&Denotes the highest ROI for that station 
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The total water use column in Table 7 includes the water needed by the cow for cooling by either sprinkler potential or 3 
evaporative cooling pad requirement (70% efficiency assumed) as well as their drinking water. Since the cattle will be 4 
drinking water regardless of the cooling strategy, it was neglected in the total ROI calculation. After calculating the total 5 
ROI for each cooling strategy for each station in California and Wisconsin, the most economical cooling strategy for 6 
California was the LVCE strategy and for Wisconsin was the MVCE strategy. The same procedure can be replicated for each 7 
station to determine the most economical cooling strategy for dairy cattle, with fixed water and fan energy costs. Figure 14 8 
shows a contour map of the U.S. using the same pricing for milk, water, and fan energy as used in Table 7. 9 
Figure 14. Final contour map showing the cooling strategy that maximizes ROI with assumed constant milk, water, and electricity pricing 10 
The overall ROI map just shows one scenario with fixed prices. The ROI determination does not include potential loss 11 
of a fetus or lower pregnancy rates due to heat stress, equipment costs, labor, or maintenance costs. Equation 16 also does 12 
not include a water conservation factor, which could impact certain regions during a drought. 13 
Conclusion 14 
A thermal regulation barn and cow model was developed in order to assess a cow’s thermal environment to determine 15 
the level of heat stress and what cooling strategies have the greatest cooling potential as well as being economical for the 16 
producer. The main conclusions of this project are as follows:   17 
• The developed cow model’s results were comparable to published field data including predicting the cow’s core 18 
and skin temperatures as well as the sensible and latent heat production  19 
o The respiration rates predicted by this model were generally higher than the field data respiration rates   20 
o The cow’s sweating rates were comparable to field data except at low airspeeds or in very humid 21 
environments due to the model not including sweat that is being pooled on the cow’s skin surface, but 22 
rather only accounts for the amount of sweat that the environment can handle 23 
• CDH developed for this project proved to be a useful thermal indicator of assessing heat stress and the magnitude 24 
of heat stress on the cow, especially useful for comparing various industry recommended thermal indices  25 
• Using CDH, it was shown that CCI is a better indicator of the thermal environment, compared to THI, since it 26 
includes a correction factor for the airspeed, but improvements with CCI can still be made  27 
• Multiple maps were created along with an equation that producers can use to determine which cooling strategy is 28 
the most economical for their area 29 
 30 
Further research can be done from the development of this model. First, a new heat stress index could be developed by 31 
adjusting THI to account for airspeed and/or long-wave radiation. Also, another cooling strategy could be incorporated into 32 
this model where the barn is ventilated at the MVC rate (1 m s-1) and then implementing stir fans throughout the barn to 33 
achieve the HVC or VHVC rate just over the cows to cut down on fan energy cost while increasing milk production. The 34 
stir fans could be monitored to turn on/off when evaporation potential can be utilized and then determine the overall barn 35 
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ROI. With slight improvements to the model, an app could be developed for producers that allows them to enter their 36 
location, milk price, water cost, and fan cost and outputs the most economical cooling strategy for their facility. 37 
Finally, this model can be improved even further if other research is done and/or updated. There is a need in the research 38 
community for updating the sensible and latent heat loss which accounts for the updated genetics in today’s dairy industry. 39 
The cow model applied a factor of 1.3 to the current best available published sensible and latent heat loss, but actual updated 40 
values is a critical need. Also, there needs to be more research done on the impact on milk production from feed and water 41 
intake or even a correlation between milk production and a thermal index or a correlation of feed and water intake and a 42 
thermal index.  43 
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Nomenclature 106 
BPM   Breaths per Minute 107 
CCI   Comprehensive Climate Index 108 
CDH   Capacity to Dissipate Heat 109 
DMI   Dry Matter Intake 110 
HVC   High Velocity Case (m s-1) 111 
JD   Julian Day 112 
LVC   Low Velocity Case (m s-1) 113 
MVC   Medium Velocity Case (m s-1) 114 
RR   Respiration Rate 115 
THI   Temperature Humidity Index 116 
THP   Total Heat Production (W)  117 
TMY   Typical Meteorological Year Data  118 
U.S.   United States  119 
VHVC   Very High Velocity Case (m s-1) 120 
WI   Water Intake 121 
